Abstract. Endothelial progenitor cells (EPCs) are an important component of stem-cell niches, which are able to promote the self-renewal and pluripotency of mesenchymal stem cells (MSCs). The biological functions of these two cell types is dependent on adhesion, and the adhesion between MSCs and EPCs is important due to their critical role in neovascularization and bone regeneration in tissue engineering. Intercellular adhesion molecule-1 (ICAM-1, also known as cluster of differentiation 54), is a member of the immunoglobulin supergene family, which functions in cell-cell and cell-matrix adhesive interactions. Compared with other adhesion molecules, ICAM-1 is expressed in hematopoietic and nonhematopoietic cells, and can mediate adhesive interactions. The present study aimed to investigate the importance of ICAM-1 in the adhesion of MSCs and EPCs, and demonstrated that adhesion between these cells could be regulated by interleukin (IL)-1β via the p38 mitogen-activated protein kinase pathway. In addition, the results confirmed that ICAM-1 served a critical role in regulation of adhesion between MSCs and EPCs. ELISA, cell immunofluorescence, western blot analysis and adhesion assay were used to confirm our theory from phenomenon to essence. The present study provided evidence to support and explain the adhesion between MSCs and EPCs. Furthermore, the present findings provide a theoretical basis for further stem-cell niche transplantation to increase understanding of the function of MSCs and the crosstalk between MSCs and EPCs in the stem-cell niche.
Introduction
Mesenchymal stem cells (MSCs) are multipotent stem cells derived from the bone marrow (BM), which can differentiate into osteoblasts, chondrocytes and adipocytes (1) (2) (3) . Therefore, MSCs are considered as the most important seed cells for tissue engineering. Maintenance of the self-renewing and multipotent properties of MSCs is regulated by molecular signals from the specific microenvironment where they reside, which is also known as the stem-cell niche (4) (5) (6) .
Our previous study reported that MSCs exhibit high levels of interaction with cluster of differentiation (CD)31 + endothelial progenitor cells (EPCs) in the BM microenvironment, thus forming cell clusters in the sinus of the BM cavity (7) . Therefore, it was hypothesized that EPCs are a significant component of stem-cell niches, which may promote the self-renewing and multipotent properties of MSCs. EPCs (8) (9) (10) reside in niches located in the BM and assist in homeostasis by maintaining vascular function. In addition, combination of EPCs with MSCs has been reported to enhance neovascularization and bone regeneration (11) (12) (13) (14) . These findings provided a novel basis for clinical bone injury treatment and vascular bone regeneration; however, what mediates the adhesion between MSCs and EPCs, and the underlying molecular mechanism, remain unclear.
Intercellular adhesion molecule-1 (ICAM-1, also known as CD54) is a member of the immunoglobulin supergene family, and functions in cell-cell and cell-matrix adhesive interactions. Compared with other adhesion molecules, ICAM-1 is (15) (16) (17) (18) . Interleukin (IL)-1β is an important inflammatory mediator that regulates the expression of ICAM-1 (19) (20) (21) , and serves as a hallmark for bone damage (22-25) and vascular injury (26, 27) . Therefore, investigating the effects of IL-1β on ICAM-1, and the effects of ICAM-1 on cohesion between MSCs and EPCs may contribute to further understanding of stem-cell niche adhesion. Nevertheless, adhesion is mediated by numerous intracellular signaling pathways. Previous studies have suggested that the p38 mitogen-activated protein kinase (MAPK) pathway has a critical role in the expression of ICAM-1, and IL-1β has been reported to activate the p38 MAPK pathway (28) (29) (30) (31) . Therefore, the present study hypothesized that the p38 MAPK signaling pathway may be important in the crosstalk between MSCs and EPCs in the stem-cell niche.
Materials and methods
Animal preparation and cell culture. A total of 24 male C57BL/6J (wild-type) mice (age, 6-8 weeks; weight, 28-35 g) were used to obtain cells for use in the present study. All mice were purchased from Xinjiang Medical University (Ürümqi, China; certificate no. SYXK [Xin] 2010-0001). The mice were maintained in the Animal Facility of the Shihezi University (Shihezi, China) under controlled conditions (temperature, 20˚C; humidity, 55±5%; 12-h light/dark cycles), with free access to food and water and were used as a cell source. All mice used in the present study were matched for age and gender. Both isolated cell types underwent similar techniques with regards to culture and harvest; however, the media and materials used for culture were different between the cell types. Third generation cells were used for all experiments. All experimental protocols used in the present study were reviewed and approved by the Animal Care and Use Committee of Shihezi University.
Isolation and culture of MSCs and EPCs from murine BM.
MSCs and EPCs were isolated from murine BM obtained from the tibia and femur according to our previous study (7) . Briefly, mice (C57BL/6J; age, 6-8 weeks) were euthanized by cervical dislocation and BM cells were collected. The cells were cultured in low glucose Dulbecco's modified Eagle's medium (LG-DMEM) supplemented with 10% lot-selected fetal bovine serum (FBS) (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C in a humidified incubator containing 5% CO 2 for 48 h of adhesion. Subsequently, non-adherent cells were collected and cultured in EBM-2 medium (Lonza Group Ltd., Basel, Switzerland) supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified incubator containing 5% CO 2 for 48 h. In particular, the EPCs were initially plated in a 60 mm fibronectin (BD Biosciences, Franklin Lakes, NJ, USA) coated cell culture dish to promote cell adhesion and growth. Adherent cells were maintained and the non-adherent cells were removed with medium replacement every 48 h to form uniform cells. The adherent cells were then retrieved by trypsin digestion supplemented with 0.25% EDTA (HyClone; GE Healthcare, Logan, UT, USA) and were incubated at 37˚C for 30 
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-cells (MSCs) were obtained for further culture in the LG-DMEM supplemented with 10% lot-selected FBS (both from Gibco; Thermo Fisher Scientific, Inc.), 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Sigma-Aldrich; Merck KGaA) at 37˚C in a humidified incubator containing 5% CO 2 for enrichment. According to the aforementioned technique, sorted CD133 + (-FITC; eBioscience, San Diego, CA, USA) CD31 + (-PE/Cy7; BioLegend) CD144 + (-PE, BD Biosciences) and CD11b -(-APC; BioLegend) cells (EPCs) were obtained for further culture in EBM-2 medium (Lonza Group Ltd) for enrichment. All of the EPC cells were plated in a 60 mm cell culture dish coated with fibronectin to promote cell adhesion and growth.
Coculture of MSCs and EPCs.
MSCs and EPCs were cocultured in cell number ratios of 1:1 in 6-well plates or 60 mm cell culture dishes. Cells were cultured in LG-DMEM without FBS at 37˚C in a humidified incubator containing 5% CO 2 for 24 h. Inoculation density was in accordance with experimental requirements and cells were then prepared for subsequent experiments.
Determination of IL-1β expression by ELISA. All of the groups: MSCs, EPCs, MSCs + EPCs, EPC-CM-MSCs and MSC-CM-EPCs, were seeded at 2x10 5 cells/well in 6-well plates alongside 2 ml serum-and factor-free medium for 24 h. We used MSC-CM to stimulate EPC cells and collected the supernatant to detect the IL-1β expression by ELISA kit. For the same reason, we named the EPC-CM to stimulate the MSC cells group as EPC-CM-MSC. We aim to collect the IL-1β expression in each group for comparison and analysis. Subsequently, supernatants were collected and centrifuged (4˚C; 5,000 x g; 10 min) in order to measure IL-1β expression using an IL-1β ELISA kit (cat. no. SEA563Mu; Uscn Life Sciences, Inc., Wuhan, China) according to the manufacturer's protocol.
Detection of ICAM-1 by cell immunofluorescence. Cells were plated onto coverslips (2x10 4 cells/sample), which were cultured in 6 mm dishes with 2 ml corresponding medium (LG-DMEM supplemented with 10% lot-selected FBS, both from Gibco; Thermo Fisher Scientific, Inc.) for 24 h. Subsequently, the medium was replaced with serum-and factor-free medium supplemented with IL-1β (25 µg/ml) or p38 MAPK inhibitor SB203580 (20 µmol/ml), and cells were incubated for a further 24 h. After culturing for 24 h, the coverslips were rinsed in PBS three times and fixed with 4% paraformaldehyde for 20 min. Subsequently, the cells were blocked in 5% bovine serum albumin (BSA) for 30 min at room temperature and incubated overnight with anti-mouse ICAM-1 monoclonal antibodies (ab171123, 1:100) or isotype control antibody (ab81032, 1:100) (both from Abcam, Cambridge, MA, USA) at 4˚C. After rinsing in PBS three times, the cells were incubated with FITC-conjugated goat anti mouse immunoglobulin (Ig) G (cat. no. ZB2305; 1:100; OriGene Technologies, Inc., Beijing, China) in the dark for a further 1 h. After washing, the nuclei were stained with propidium iodide (PI, 10 µg/ ml; cat. no. P4170; Sigma-Aldrich; Merck KGaA) solution and washed a further three times with PBS. Subsequently, 70% glycerol was used to mount the coverslips onto slides and expression was detected using a confocal laser scanning microscope (LSM 510 META; Zeiss GmbH, Jena, Germany). The experiments were performed and repeated >3 times.
Western blotting to detect ICAM-1 and p38 MAPK expression. Following pretreatment, the cells (2x10 6 cells/sample) were washed three times with ice-cold PBS and protein samples were extracted using radioimmunoprecipitation assay buffer (500 µl) with phenylmethylsulfonyl fluoride (5 µl) (both from Thermo Fisher Scientific, Inc.). Protein concentration was determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). Subsequently, protein samples were treated with 5X loading buffer (100 µl; Thermo Fisher Scientific, Inc.) and heated for 8 min at 100˚C. Protein samples (40 µg) were then separated by 10% SDS-PAGE and were transferred onto a polyvinylidene difluoride membrane. The membrane was blocked with 5% skim milk or 5% BSA, and incubated overnight with anti-ICAM-1 (ab171123, 1:500; Abcam), anti-p38 MAPK (cat. no. #8690; 1:1,000) and anti-p-p38 MAPK (cat. no. #4511; 1:1,000; both from Cell Signaling Technology, Inc., Danvers, MA, USA) at 4˚C. After washing three times with Tris-buffered saline containing 0.1% Tween-20, the membrane was incubated with goat antimouse (1:10,000; cat. no. ZB2305) or goat anti-rabbit (1:10,000; cat. no. ZB2301) IgG horseradish peroxidase-conjugated antibodies (OriGene Technologies, Inc.) at room temperature for 2 h and was detected by enhanced chemiluminescence (34094; Thermo Fisher Scientific, Inc.) for 12 h at 4˚C. GAPDH (1:1,000; 12 h, 4˚C; cat. no. #51332; Cell Signaling Technology, Inc.) was used to normalize the relative protein expression levels. The results and integrated optical density (IOD) values were analyzed by Gel-Pro Analyzer 4.0 (Media Cybernetics, Inc., Rockville, MD, USA). Experiments were performed independently and were repeated three times.
Labeling of MSCs with DAPI and EPCs with MitoTracker red.
MSCs were washed three times with PBS and incubated with DAPI (2 µl/ml; Sigma-Aldrich; Merck KGaA) for 30 min at 37˚C. Subsequently, cells were washed three times with PBS and were detected using a fluorescence microscope. The same methods were adopted to label EPCs with MitoTracker red (200 nM/ml; Thermo Fisher Scientific, Inc.). 
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Results
IL-1β expression in culture medium.
To determine the expression levels of IL-1β in MSCs, EPCs, MSCs + EPCs, EPC-CM-MSCs and MSC-CM-EPCs (Fig. 1) , the groups were seeded into 6-well plates (2x10 5 cells/well) and treated with serum-and factor-free medium for 24 h. The results indicated that both MSCs and EPCs can secrete IL-1β, and in the MSCs + EPCs (49.13±6.21 ng/ml) group, IL-1β expression was higher than in the MSCs group (8.96±2.70 ng/ml, P<0.05) and the EPCs group (22.14±1.83 ng/ml, P<0.05). In addition, in the EPC-CMMSCs group (35.02±1.19 ng/ml) and the MSC-CM-EPCs group (33.85±1.37 ng/ml) IL-1β expression was higher compared with in the MSCs group (8.96±2.70 ng/ml, P<0.05) and the EPCs group (22.14±1.83 ng/ml, P<0.05), but not compared with in the MSCs + EPCs group (49.13±6.21 ng/ml, P>0.05).
Immunofluorescence detection of ICAM-1 expression. Cells were seeded on coverslips (2x10 4 cells/sample) and were cultured in 6 mm dishes with 2 ml corresponding medium for 24 h. Subsequently, medium was replaced with serumand factor-free medium supplemented with IL-1β (25 µg/ml) or p38 MAPK inhibitor SB203580 (20 µmol/ml) for 24 h. ICAM-1 expression was then detected by immunofluorescence (Fig. 2) . The results indicated that MSCs and EPCs are able to express low levels of ICAM-1; however, in the MSCs + EPCs group the expression of ICAM-1 was increased. All of the IL-1β-treated groups (Fig. 2B ) exhibited increased ICAM-1 expression compared with in the normal ( Fig. 2A ) and SB203580 groups (Fig. 2C) . ICAM-1 expression was lowest in the SB203580 groups compared with in the untreated and IL-1β-treated groups.
Western blotting to detect the expression levels of ICAM-1 and p38 MAPK. The protein expression levels of ICAM-1 and p38 MAPK were detected in MSCs, EPCs and MSCs + EPCs using western blotting (Fig. 3A) . The relative ICAM-1/GAPDH IOD (Fig. 3B ) and p-p38 MAPK/total-p38 MAPK IOD values (Fig. 3C) exhibited increased p-p38 MAPK expression compared with in the corresponding MSCs group (0.26±0.03, P<0.05) and EPCs group (0.17±0.01, P<0.05) . The expression levels of p-p38 MAPK were increased following IL-1β treatment (P<0.05); however, they were decreased following treatment with the p38 MAPK inhibitor SB203580 (P<0.05), respectively. The expression levels of total p38 MAPK remained constant in all groups following various treatments.
MSCs and EPCs adhesion assay. MSCs were labeled with DAPI and EPCs were labeled with MitoTracker red. MSCs-DAPI and EPCs-Mitotrack-red were cocultured in Matrigel-coated 24-well plates (5x10 4 cells/well, 1:1) with EPCs culture medium supplemented with anti-ICAM-1 neutralizing antibody (), IL-1β (25 µg/ml) or p38 MAPK inhibitor SB203580 (20 µmol/ ml). Subsequently, the cells were cultured for 6-8 h at 37˚C in a humidified incubator containing 5% CO 2 . The results indicated that treatment with anti-ICAM-1 neutralizing antibody or p38 MAPK inhibitor SB203580 resulted in a decrease in adhesion between MSCs and EPCs; however, supplementation with IL-1β markedly increased adhesion (Fig. 4) .
Discussion
The microenvironment surrounding stem cells, which is also known as the stem-cell niche, is composed of adjacent cells, extracellular matrix and adhesive molecules, and regulates stem cell self-renewal and differentiation. The stem-cell niche also aids regulation of cell fate, and is an interactive structural unit that functions via the cross-talk of key signaling and molecular factors (4) (5) (6) . The functions of the stem-cell niche are reliant on adhesion molecules, which anchor stem cells in the niche and regulate communication with surrounding cells or various molecules.
As previously reported, EPCs likely interact with MSCs in the BM stem-cell niche (7); interactions between EPCs and MSCs may enhance neovascularization and bone regeneration (11) (12) (13) (14) . Therefore, focusing on the adhesion of MSCs and EPCs may provide information regarding clinical bone injury and vascular bone regeneration. However, the underlying mechanism that mediates the adhesion of MSCs and EPCs remains unclear. ICAM-1 is an important adhesion molecule and a member of the immunoglobulin supergene family, which participates in cell-cell and cell-matrix adhesive interactions, including those between tumor cells, endothelial cells, T cells, leukocytes and vascular cells (32) (33) (34) . Furthermore, adhesion may be decreased by suppressing ICAM-1 expression. As an important adhesion molecule, previous studies have suggested that ICAM-1 may regulate IL-1β (19) (20) (21) , tumor necrosis factor-α (35) and lipopolysaccharide (36) . The present study focused on the stimulatory effects of IL-1β on ICAM-1, since IL-1β is an important inflammatory mediator, which not only affects nearly every cell type and interacts with numerous cytokines and small mediator molecules, but also participates in various physiological functions and diseases, including clinical bone injury (22-25) and vascular injury (26, 27) .
The present study demonstrated that both MSCs and EPCs could express low levels of ICAM-1; however, coculturing MSCs with EPCs increased ICAM-1 expression, particularly following treatment with IL-1β; however, treatment with the p38 MAPK inhibitor SB203580 inhibited ICAM-1 expression. These results indicated that IL-1β may activate the p38 MAPK pathway. Furthermore, cocultured MSCs and EPCs were seeded in Matrigel-coated plates; the results demonstrated that supplementation with anti-ICAM-1 neutralizing antibody or SB203580 effectively inhibited adhesion between MSCs and EPCs, whereas supplementation with IL-1β had the opposite effect. These results highlighted the importance of ICAM-1 for the adhesion between MSCs and EPCs, and this may be regulated by IL-1β through the p38 MAPK signaling pathway. However, at present, it remains unknown as to whether MSCs regulate EPCs function, or whether EPCs regulate MSCs function; potential joint action may serve an important role in the stem-cell niche. Previously, our laboratory indicated that EPCs promoted osteogenic differentiation of MSCs in a paracrine manner (37) . Burlacu et al reported that MSCs may promote angiogenesis of EPCs in a paracrine manner (13) . Furthermore, Ern et al demonstrated that EPCs and MSCs can secrete osteogenic or angiogenic factors to promote proliferation and differentiation in a paracrine manner (38) . Therefore, the present study hypothesized that paracrine signaling is critical for the regulation of the effects of MSCs and EPCs coculture. The present study indicated that MSCs and EPCs could secrete IL-1β, whereas coculturing MSCs with EPCs enhanced the secretion of IL-1β. In addition, EPC-CM-MSCs and MSC-CMEPCs groups exhibited higher levels of IL-1β compared with MSC-CM and EPC-CM; however they were not higher than in the MSCs + EPCs group. These results provided convincing evidence to explain the increased expression of ICAM-1 in cocultured MSCs and EPCs.
In conclusion, the present study demonstrated that IL-1β may induce ICAM-1 expression, thus enhancing the cohesion between MSCs and EPCs via the p38 MAPK signaling pathway. These findings provide effective evidence to support and explain previous findings regarding the adhesion of MSCs and EPCs. In addition, the present study provided a theoretical basis for further stem-cell niche transplantation to increase understanding regarding the function of MSCs and for subsequent experimental research. However, the factors that regulate secretion of IL-1β remain unclear; our future studies aim to focus on this, and to conduct further in vitro experiments regarding clinical application (clinical bone injury treatment, vascular bone regeneration, tissue repair and immune disorder therapy).
